Larger females generally produce larger offspring with superior qualities because larger body size can reduce susceptibility to predation and starvation. The removal of larger and older individuals from populations can decrease the survival qualities of offspring through maternal influences, and affect subsequent recruitment. Although negative impacts of larger individual-selective fishing need to be taken into consideration in resource management, there have been very few studies on maternal influences in decapod crustaceans despite the fact that this group includes large numbers of important biological resources. Thus, this study examined the effects of female body size on larval body size, weight, and survival period in the coconut crab, Birgus latro, in laboratory experiments. Ovigerous crabs having well-developed eggs were collected in filed and then first stage zoeae were collected from each female in laboratory. Both larval size and dry larval weight increased significantly with increasing female size. Larvae hatched from larger females showed significantly longer survival periods under non-fed conditions. These results suggest larger coconut crab females produce larvae with superior survival qualities. Present harvesting for coconut crab resources selectively removes larger males despite the fact that coconut crab females only mate with males larger than, or approximately equal to, themselves. Therefore, large females have fewer opportunities to mate under the present harvesting system. Larger male-selective harvesting could have greater negative impacts on the reproductive rate of coconut crabs than expected because larval quality is reduced.
INTRODUCTION
Maternal influences are female non-genetic and genetic factors that contribute to offspring fitness (Green, 2008) . They are a major source of phenotypic variation of offspring and are closely related to offspring survival. For example, positive relationships between maternal size or age and offspring size exist in a range of animal taxa, e.g., turtle: Congdon and Gibbson (1987) ; salmon: Fleming and Gross (1990) ; lizard: Sinervo and Doughty (1996) ; cod: Vallin and Nissling (2000) ; rock fish: Berkeley et al. (2004) ; ascidian: Marshall and Keough (2004) . In marine fishes, predation and starvation are two major factors determining survival of offspring in the larval phase (Bailey and Houde, 1989) . Susceptibility of larvae to these factors depends on larval body size (Rice et al., 1987; Buckley et al., 1991a, b) . Larger body sizes can reduce both the susceptibility to predation by enhancing swimming ability and the susceptibility to starvation by increasing access to a greater size range of food (Pepin, 1989) . Through such mechanisms, influences on offspring survival contribute to the dynamics (Pepin, 1989) . Therefore, maternal influences on offspring survival are believed to contribute to the dynamics of natural populations (Ginzburg, 1998; Fowler, 2005) .
The impact of maternal influences on population dynamics has received recent attention from fisheries scientists and managers (Palumbi, 2004; Berkeley, 2006; Lucero, 2008; Venturelli et al., 2009 ), because fishing is almost always non-random and often size-selective, with larger individuals more likely to be caught than smaller ones (Fenberg and Roy, 2008) . The truncation of the size and age of a fishing population can directly influence the quality of offspring through maternal influences and subsequent recruitment (Longhurst, 2002; Scott et al., 2006; Sogard et al., 2008) , and the removal of larger and older females causes greater fluctuations in recruitment of commercially fished resources compared to pre-fishing conditions (Marteinsdottir and Thorarinsson, 1998; Berkeley et al., 2004; Hsieh et al., 2006) . These negative impacts of larger individual-selective fishing through maternal influences need to be considered in resource management strategies to attain sustainable yields from fishery resources. However, there have been very few studies on maternal influences in decapod crustaceans (Giménez and K. Anger, 2003; Darnell et al., 2009) , despite the fact that this group includes large numbers of important fishery resources.
The coconut crab, Birgus latro (Linnaeus, 1767) , lives in coastal areas of the tropical Indo-Pacific region. Populations in most habitats have been severely depleted or are virtually extinct . Overharvesting and habitat destruction are considered to be causes of the present resource depletion (Fletcher, 1993; Eldridge, 1996) . Present larger male-selective harvesting is also considered to contribute to resource depletion (Sato and Yoseda, 2010) . The present harvesting system skews sex ratios toward females and decreases mean male size in the harvested population. These changes in population demographic structure may result in a decline in a population's reproductive output by reducing the probability that JOURNAL OF CRUSTACEAN BIOLOGY, 30(4): 624-628, 2010 females encounter suitable mates, which must have body sizes larger than or equal to their own (Sato and Yoseda, 2010) . This problem is especially important considering that fecundity increases exponentially with female body size (Sato and Yoseda, 2008) . If larger females also produce larvae with superior qualities due to maternal influences, harvesting large males may have even greater negative impacts on coconut crab populations.
The purpose of this study was to determine whether there are additional impacts of the present large male-selective harvesting on coconut crab resources due to maternal influences. We conducted laboratory experiments to investigate the effects of female body size on larval body size, dry weight and survival period under unfed conditions.
MATERIALS AND METHODS

Housing Conditions of Crabs, and Collection of Larvae
The reproductive season for this species on Hatoma Island (24u289N, 123u499E), southwest of Okinawa, Japan, starts in early June and lasts until late August (Sato and Yoseda, 2008) . Ovigerous crabs having welldeveloped eggs with eyespots were collected on Hatoma Island from late June to late August 2009. Thoracic length (hereafter, TL) was measured to the nearest 0.1 mm using Vernier calipers (Mitutoyo Corporation, CD-20PM), and the crabs were transported to Ishigaki Tropical Station, Seikai National Fisheries Research Institute (24u349N, 123u169E), where all laboratory experiments were performed. In the laboratory, the crabs were kept individually in plastic lidded boxes (60 3 39 cm and 27 cm deep) in which filtered seawater flowed up to about 12 cm deep. A plastic case (30.5 3 30.5 cm and 14.0 cm high) was placed inside each box to provide a space for the crab to emerge from the water. The light:dark regime matched the natural local conditions. Crabs were not fed during the egg incubation period, in order to prevent eggs from being contaminated with food and feces. All collected females finished spawning at least 3 days after transportation, after which they were released back to the island from which they had been collected. First stage zoeae were collected from the lidded box using a beaker at least 8 h after hatching. Larvae were collected from 30 female coconut crabs.
Experiments
Experiment 1: Larval Body Size and Weight.-To determine the cephalothoracic length including the rostrum (hereafter, CL) of each larvae, measurements were taken to the nearest 0.001 mm using a profile projector (Nikon Corporation, V-12) and Vernier calipers. Twenty zoeae were taken randomly from the collected zoeae of each female (n 5 30; Mean 6 SD, 31.1 6 3.6 mm TL). Mean larval CL was calculated for each female.
To determine larval weights, one hundred zoeae were taken randomly from those collected from each female (n 5 30; Mean 6 SD, 31.1 6 3.6 mm TL). After washing in distilled water, zoeae were placed on a watch glass that had been weighted to the nearest 0.0001 mg. Samples were oven-dried at 60uC for 24 h, and the weight of dried zoea was calculated for each female.
Relationships between maternal size (TL) and both mean larval CL, and mean dried larval weight were analyzed by linear regression.
Experiment 2: Larval Survival Period.-Larval survival period was examined for 18 zoeae taken randomly from those collected from each female (n 5 26; Mean 6 SD, 30.9 6 3.8 mm TL). Each zoeae was then placed individually in a well of a 6-well microplate that was filled with 10 ml seawater that had been filtered and irradiated with ultraviolet light. Sodium niflustyrenate (Ueno Fine Chemicals Industry) was added to the water used for cultivation at 2 ppm to prevent bacterial attachment to the zoeae. The microplates containing zoeae were placed in a temperaturecontrolled incubator (Hitachi Corporation, CR-320) preset to 28uC. Water temperatures ranging from 27.0 to 29.8uC are appropriate for coconut crab larval survival (Hamasaki et al., 2009) . Larval survival was monitored daily and the mean larval survival period was calculated for each female. The relationship between maternal size (female TL) and mean larval survival period (days) was analyzed by linear regression.
RESULTS
Experiment 1: Larval Body Size and Weight
Mean larval CL differed among female TL (mean 6 SD, 1.41 6 0.02 mm CL; range, 1.34-1.45 mm CL) and increased significantly with increasing female TL (mean of larval CL 5 0.0038 3 female TL + 1.31, R 2 5 0.21, N 5 30, F 1,28 5 7.65, P 5 0.010, Fig. 1 ). Mean dried larval weight also varied with female TL (mean 6 SD, 0.074 6 0.005 mg; range, 0.060-0.082 mg) and increased significantly with increasing female TL (larval dried weight 5 0.00059 3 female TL + 0.056, R 2 5 0.16, N 5 30, F 1,28 5 5.32, P 5 0.029, Fig. 2 ).
Experiment 2: Larval Survival Period
Mean of larval survival days in the non-food conditions differed among female TL (Mean 6 SD, 11.96 6 1.33 days; Range, 9.06-14.28 days). Larvae hatched from larger 
DISCUSSION
As seen in a range of animal taxa (Vallin and Nissling, 2000; Berkeley et al., 2004; Marshall and Keough, 2004) , positive relationships were found between maternal size and larval size (both in terms of CL and weight) in the coconut crab, indicating that larger females produce larger offspring. In marine species, mortality during the larval phase is generally very high, and is particularly at its highest early in the phase (Cushing, 1988) . Mortality decreases rapidly with increasing larval size, and larger body size reduces susceptibility to predators through both escape ability and predator gape-limitation (Miller et al., 1988) . Therefore, larval size at hatching is crucial to subsequent larval survival. Larger coconut crab larvae hatched from larger females might survive longer from predations in natural conditions, and be more able to recruit the resources, compared to smaller larvae.
Coconut crab larvae hatched from larger females (probably, larger larvae) were found to have longer survival periods in the non-food conditions. In marine fishes, susceptibility to starvation, one of the major factors determining survival of offspring in larval phase (Bailey and Houde, 1989) , decreases with increasing larval body size. Larval survival period in the absence of food increases with increasing oil globule or yolk sac volume (Berkeley et al., 2004; Fisher et al., 2007; Higashitani et al., 2007) and larger and older females produce larvae with larger oil globule or yolk sacs (Berkeley et al., 2004; Higashitani et al., 2007) . The energy reserves available in the oil globule and yolk sac provide a vital insurance under conditions of unpredictable and patchy foraging opportunities in filed. Coconut crab larvae hatched from larger females would have a greater amount of energy in their yolk than larvae hatched from smaller ones and thus would have superior abilities to survive starvation in unpredictable, patchy and meager foraging conditions in field and to recruit the resources.
However, interestingly, it has been reported that there is no correlation between female TL and volume of non-eyed egg in the coconut crab (Sato and Yoseda, 2008) , suggesting there should be no difference between larger and smaller larvae in terms of larval yolk volume retained at least during the rudiments of embryonic development. The positive relationship between female body size and survival period in this species may be attributable to differences in egg contents, for example, in the content of lipids, the main fraction of energy reserves in decapod larvae (Anger, 2001) . Since the volume of an egg increases gradually during embryonic development in coconut crabs (Schiller et al., 1991) , differences in egg contents may increase the difference in larval size at hatching between larvae produced by larger females and those produced by smaller females during the embryonic development. In the future, it is necessary to investigate how egg contents vary with maternal body size.
To our knowledge, this is the first report that addresses the presence of maternal influences in anomuran crabs. We have shown that in the coconut crab there are maternal influences. Although our experiments were not designed to separate the effects of non-genetic and genetic factors on larval phenotypes, even without separating the maternal genetic component, identification of maternal influence has a great value for fisheries resource management. Recognizing the presence of maternal influences will make a great contribution to establishing measures that optimize resource management and minimize potential impacts of fishing and thus minimize fluctuations in the abundance of resources. Traditionally, fisheries managers have tended to assess population dynamics without regard to variation among individuals and have focused largely on maximizing the yield from the resource. However, recent studies suggest that the removal of larger and/or older females from a breeding population might have disproportionately detrimental consequences for total survival and subsequent recruitment through maternal influences on various larval qualities (Marteinsdottir and Thorarinsson, 1998; Berkeley et al., 2004; Hsieh et al., 2006; Sogard et al., 2008) . The importance of maternal influences must be considered in management efforts to achieve sustainable harvesting from biological resources, including the coconut crab.
However, it is possible to overlook the effect of maternal influences when size-selective harvesting is only performed on males as in the coconut crab (Sato and Yoseda, 2010) , other commercially important crabs (Sato et al., 2005b) and other biological resources (Fenberg and Roy, 2008) , because no females are harvested from these resources. Recent studies have mainly reported that removing larger males reduces the reproductive rate of a population through several pathways, e.g., sperm limitation, loss of mating opportunities, and delayed female mating (Ginsberg and Milner-Gulland, 1994; Sato et al., 2005a Sato et al., , 2006 Sato et al., , 2007 Sato and Goshima, 2006; Milner et al., 2007) . However, in species such as the coconut crab in which females exert mate preference for larger males, maternal influence must be considered in resource management. This is because the Fig. 3 . Relationship between female size (TL: thoracic length, mm) and larval survival time in non-food condition in coconut crabs, Birgus latro (n 5 26).
probability that successful mating of large females decreases as female size increases, resulting in lost mating opportunities. If, as we have shown, larger females produce offspring with superior qualities, large male-selective harvesting would have a greater negative impact than expected due to maternal influences. Because this scenario may occur in coconut crab resources, male-only harvesting with slot size limits has been recommended as an effective alternative management measure for coconut crab resources (Sato and Yoseda, 2010) . This management measure would contribute to the sustainability of recruitment by protecting larger males that are preferred by larger females as mates.
Although population size and/or age structure are increasingly being recognized as important considerations for sustainable resource management (Vallin and Nissling, 2000; Sogard et al., 2008) , few studies have attempted to quantify maternal influences on actual larval survival and recruitment. In the future, it will be necessary to investigate details of these maternal influences and their effect on actual larval survival or recruitment in coconut crab populations.
